We have combined high sensitivity, extra-low differential temperature scanning rate calorimetry, and acoustic emission (AE) measurements to study avalanches during the cubic ↔ 18R martensitic transition of a Cu-Al-Be single crystalline shape memory alloy. Both AE and calorimetry corroborate a good power-law behavior for cooling with an exponent ε 1.6. For heating, a slope is observed in the maximum likelihood curves, which confirms that our data are affected by an exponential cutoff. An effective energy exponent, ε ∼ 1.85, and a cutoff, λ −1 = 0.115(38) × 10 −3 aJ, were determined by fits of power-laws with exponential damping. The long tail observed in the low-temperature region by calorimetric measurements suggests the existence of significant elastic effects that constrain the progress of the transformation at low temperatures. While thermodynamic features such as transformation enthalpy and entropy are those expected for Cu-based shape-memory alloys undergoing a cubic ↔ 18R transition, the critical behavior deviates from the corresponding behavior expected from this symmetry change. These deviations are a consequence of the elastic hardening induced by the interplay of the transformation with dislocation jamming, which has the effect of effectively reducing the number of pathways connecting the parent and martensitic phase.
I. INTRODUCTION
Martensitic transitions transform a high-symmetry crystal structure (parent phase) to a lower-symmetry structure (martensite) through a diffusionless, shear-dominant mechanism [1, 2] . They are well-known examples of physical processes that occur intermittently through successive avalanches [3] [4] [5] . This avalanche dynamics is due to the existence of kinetic impediments, such as disorder or compatibility constraints that configure a complex energy landscape with many metastable states that characterize the region of coexistence of the high-and low-symmetry phases. The transition occurs through successive strain relaxations that connect these metastable states and avalanches are associated with these fast relaxation processes. In most martensitic materials this behavior is favored by the fact that thermal fluctuations are irrelevant so that the dynamics in these systems is athermal to a good approximation. This is a consequence of the highenergy barriers separating metastable states in the coexistence region. Therefore, the transformation process only occurs when the system is externally driven, which entails that the transition extends over a finite temperature interval. The study of avalanches in martensitic transitions has raised a lot of interest since it provides relevant information about the collective behavior of nonequilibrium transformation processes, which is expected to take into account both the individual growth/shrinkage of martensitic domains and their interaction, which is dominated by long range elastic effects.
Avalanches can be detected by means of many different experimental techniques. The essential requirement is that the technique must be highly sensitive to small local changes of the internal strain field, and must have a very good time resolution. The observation of acoustic emission (AE), which is based on the detection of the high frequency transitory acoustic waves associated with changes of the internal strain field, is acknowledged to be the most adequate experimental method to study avalanches during martensitic transitions [3] . However, other techniques can provide complementary information about avalanche dynamics. In particular, the use of high sensitivity differential scanning calorimetry provide an interesting alternative, which enable us to determine the absolute value of the energy associated with avalanches [6] .
In martensitic transitions, avalanches often take place under the absence of characteristic scales. This scale-free dynamics, usually known as avalanche criticality, is reflected by power-law distributions of the energy and duration of the avalanches [3] [4] [5] 7] . It has been shown that critical exponents can be grouped into classes that depend to a large extent on the symmetry reduction that occur at the martensitic phase. More specifically, the exponents are determined by the ratio between symmetry operations in the parent and martensitic phases that determines the degeneracy of the low-temperature phase or variant multiplicity (number of energetically equivalent domains). The idea behind this fact is that by increasing variant multiplicity, the system is able to find more pathways connecting high and low symmetry phases thus making the transition more adaptive. Then, the probability of large events should decrease compared with the probability of small ones, which should result in size, energy, and duration distributions with larger critical exponents.
In the present paper we have used a bespoke designed high sensitivity calorimeter that can work at extra-low-temperature rates, close to the limit where thermal activated effects are expected to play a role, to study avalanches during the martensitic transition of a Cu-Al-Be single crystal. These measurements have been used to complement the AE results. Cu-Al-Be belongs to the Cu-based family of shape-memory alloys. These materials show a cubic phase at high temperature (above 1000 K) that can be retained at room temperature by means of fast enough cooling. Usually, during cooling the sample transforms first to an ordered DO 3 (Fm3m) structure and martensitically transforms towards a lower symmetry phase at a lower temperature.
We have focused on Cu-Al-Be shape memory alloys because these shape-memory materials show unusual mechanical behavior related to the martensitic transition. Only parentmartensite interfaces are somewhat mobile in Cu-Al-Be, while interfaces between martensitic variants are immobile. The pinning of these interfaces has been shown in Ref. [8] to stem from a complex interplay between the martensitic transformation and dislocations. Dislocations in the martensitic phase are partially inherited from the parent phase and partially created by the transformation. The later are basal plane dislocations that are responsible for a dislocation jamming effect of the growing interfaces, and thus dominate the microstructure that is formed during the transition. This jamming mechanism is expected to affect avalanche criticality by effectively reducing the number of pathways connecting the parent and martensitic phase, which is expected to affect the critical exponents of avalanche dynamics. This paper describes a detailed study of avalanche behavior in Cu-Al-Be single crystals and analyzes the influence of dislocation jamming on avalanche criticality. The paper is organized as follows. Experimental details are given in Sec. II. AE and calorimetric results are presented and discussed in Sec. III. Finally, a brief summary of our work is provided in Sec. IV.
II. EXPERIMENTAL
A Cu-Al-Be single crystal was prepared by a modified Bridgman method. The atomic composition is Cu 74.08 Al 23.13 Be 2.79 and was determined by microprobe analysis of Cu and Al while the Be content was inferred from the composition of the melt. The specimen used for AE and calorimetric measurements was cut with a low-speed diamond saw from the same rod from which the sample studied in Ref. [8] was obtained. The present sample is nearly rectangular with flat faces [parallel to the (110) plane of the cubic phase] of area 70.6 mm 2 and 0.5 mm height. The mass of the sample is 0.199 g. Previous to the experiments, the specimen was heat treated at ∼1100 K, cooled in air down to room temperature, and aged at room temperature for a time long enough (about three months) to ensure that the sample reached a highly ordered final state, free from internal stresses and with a minimum vacancy concentration. Next, the sample was cycled several times across the transition to avoid the influence of initial cycling effects on the transition, which is known to occur during the first transformation runs in virgin samples [9] . The parent phase is cubic (Fm3m), and the martensitic phase has a monoclinic long-period structure which is usually denoted as 18R [10] .
For AE measurements, the sample was mounted on top of a copper block situated inside a double Faraday cage constituted of cooper and iron shielding layers. It was heated and cooled by circulating a temperature-controlled fluid, which allows to establish linear temperature ramps with selected rates in the range from 10 −3 K/s to 10 −1 K/s. The AE was detected with a piezoelectric transducer (micro-80 transducer, encapsulated in stainless steel) acoustically coupled to the upper surface of the sample by a thin layer of petroleum jelly. The output voltage of the transducer was preamplified by 40 dB, band filtered between 100 and 400 kHz and transferred to a PCI-2 digital acquisition system (Europhysical Acoustics). Data were stored at a sampling rate of 10 MHz.
For identification of AE events associated with avalanches, a threshold above the instrument noise was fixed. An event is assumed to start when the signal crosses for the first time a voltage threshold at a time t i . The event will end at t f = t i + t i corresponding to the time at which the voltage crosses the threshold in the downwards direction and remain below the threshold for more than a preselected time (or hit detection time, HDT) that was set to 100 μs in our experiments. The amplitude of an AE event is defined as the maximum of the corresponding voltage, and its energy can be estimated by numerical integration of the square voltage during the duration t i , normalized by a reference electric resistance, R (=10 k , in our case).
The AE activity is defined as the cumulated number of events per time or temperature interval. The interval is taken long enough (of the order of seconds) so that this quantity can be compared with calorimetric measurements.
Measurements of heat flux (= dQ/dt ) were performed using a high-resolution conduction calorimeter, which has been described elsewhere [11] . The sample is pressed between two identical heat fluxmeters, which are made from 50 chromel-constantan thermocouples connected in series, with the wires placed in parallel lines. The assembly is placed in a cylindrical hole axially located in a bronze cylinder (10 kg) which constitutes the calorimeter block. The temperature of the block is measured with a commercial platinum thermometer (Leads and Northup model 8164B). The block and the two surrounding radiation shields are placed into a hermetic outer case under vacuum (10 −7 torr). This assembly is surrounded by a coiled tube and placed in a Dewar jar filled with alcohol whose temperature is regulated by circulation of liquid N 2 or Thermal H5 fluid.
The heat flux is evacuated through the fluxmeters, which allows the measurement of heat flux with a resolution better than 0.1 μW. Due to the high thermal inertia of the calorimeter block, very-low-temperature rates of some 10 −7 K/s (about 10 −3 K/h) can reliably be controlled with temperature fluctuations of the calorimeter block lower than 10 −6 K. During cooling and heating runs, the system works as a differential thermal analysis device. The electromotive force provided by the fluxmeters, which is proportional to the heat flux, was recorded by a nanovoltmeter (Keithley K2182) at a sampling rate of 12.5 Hz. The integral of the heat flux above a suitable baseline, , is proportional to the excess enthalpy associated with the transition [12] . Figure 1 shows the AE activity cumulated per unit of temperature, ν, during cooling (a) and heating (b) runs as a function of temperature for two studied temperature rates. It is obtained as the cumulated activity measure in time intervals of 2 s divided by the local temperature rate, r =Ṫ (t ). In this representation it is expected that when thermal activation effects are not relevant (athermal regime), ν becomes independent of the rate. The ν versus T curves obtained at different rates should collapse into a single curve. Therefore, deviations from this behavior are ascribed to the occurrence of thermal activation effects. Indeed, it is expected that these activation effects become more and more relevant as the rate is decreased. Our AE results show a very good scaling in the range from 10 K/h to 30 K/h (∼2.5 × 10 −3 K/s to 10 −2 K/s), which indicates that thermal activation effects are irrelevant in this rate regime. Note that the larger scatter of the curves corresponding to lower rates is simply due to the propagation of the error in the temperature measurements.
III. RESULTS

A. AE results
The probability distribution functions of AE energies are shown in Fig. 2 . The corresponding histograms are presented in a log-log scale and suggest an excellent power law behavior for cooling data characterized by a well-defined exponent over six decades (20 dB represents one decade). For heating, some deviation from power law are clearly observed, which suggests that the data are affected by an exponential damping. To confirm the behaviors foreseen for cooling and heating we have numerically studied the dependence of the exponent ε fitted using the maximum likelihood method as a function of a varying lower cutoff E min . This analysis should lead to a significant plateau that defines the exponent in the case of a power law distribution [13] . However, when results are affected by an exponential damping, the maximum likelihood analysis should reveal, instead of the plateau, a positive slope of the fitted exponent versus the cutoff E min [14] . The maximum likelihood analysis corresponding to the data presented in Fig. 2 is shown in Fig. 3 . Results confirm a good power law behavior for cooling with an exponent ε = 1.6 ± 0.1. For heating, a clear slope is observed, which confirms the existence of damping. An effective energy exponent, ε ∼ 1.85, and a damping cutoff, λ −1 = 0.115(38) × 10 −3 aJ, were estimated by comparing experimental results to synthetic data that reproduce a biparametric probability density function of the form ∝ E −ε e −λE . It is worth mentioning that the different behavior of the avalanches in the forward and reverse transitions is in good agreement with results reported for Cu-Zn-Al shape-memory alloy in Ref. [15] , which undergo a martensitic transition with the same change of symmetry.
B. Calorimetric results
The temperature dependence of the heat flux was recorded at the following rates: r = −0.04 K/h, r = −0.25 K/h, and r = −0.40 K/h for cooling runs and r = 0.04 K/h, r = 0.20 K/h, and r = 0.50 K/h for heating runs. Although individual jerks are visible in both cooling and heating runs, the jerky character of the thermal signal is more prominent for the forward transformation than for the reverse one, as clearly indicated by the occurrence of more energetic spikes during cooling (see Fig. 4 ). The heat flux scaled by the temperature rate (normalized heat flux /r) gives the amount of released energy per unit temperature. The excess of normalized heat flux relative to an appropriate baseline is shown in Fig. 5 for cooling rates r = −0.40 K/h and r = −0.25 K/h and heating rates r = +0.50 K/h and r = +0.20 K/h. Scaling of the thermal curves is again observed to a quite good approximation. This result confirms that athermal behavior is satisfied for rates above 0. 25 K/h. It is worth noting that in both cooling and heating curves a broad and smooth heat flux bump is observed, which is expected to be constituted from a large number of superimposed spikes. The integral over temperature of /r gives the excess enthalpy of the transformation. This is shown in Fig. 6 . The long tails observed in the low-temperature region are worth noting and suggest the existence of significant elastic effects that constrain the progress of the transformation at low temperatures.
Within experimental uncertainties, the whole excess enthalpy corresponds to the latent heat of the transition. Similar values were found for all runs, showing that the excess enthalpy is indeed independent of the rate of the temperature change. The average value is H t = 340(10) J/mol, corresponding to all heating and cooling runs. This value is in good agreement with the latent heat reported previously for a sample with a similar composition [16, 17] . The entropy excess is estimated as S H t /T 0 , where T 0 , defined as the average temperature between heating and cooling loops, is 255 K, which yields S = 1.33(4) J/mol K, in agreement with previous calorimetric estimates for Cu-based shapememory alloys transforming to a 18R martensitic phase [18] .
With the aim of analyzing the distribution of the energy of the spikes, which are assumed to be related to big avalanches, the calorimetric signal was filtered by a fifth-order all-pole Butterworth filter with a normalized cut-off frequency of 8 × 10 −2 Hz. Searching for local maxima in the filtered signal allowed to characterize spike occurrence by position and height [19] . Peak height can then be converted into avalanche energy E by multiplying by the characteristic relaxation time τ of the calorimetric setup. The relaxation time τ = 65 s was estimated from the exponential decay in the fluxmeter signal following a quasi-instantaneous heat pulse.
The catalogue of avalanche/jerky events can be analyzed in different ways. First the cumulative energy associated with these avalanches can be computed as a function of temperature. Figure 7 shows that the avalanche energy content is very different for cooling and heating runs. In both regimes this energy shows a significant dependence on the scanning rate. During the forward transformation (cooling) the avalanche energy is about five time greater than the corresponding energy of the reverse transformation, which confirms the asymmetry in the dynamics of both transformations. The avalanche energy in the forward transformation amounts to about 15% of the total enthalpy, while it represents only about 3% of the whole enthalpy in the reverse transformation. This result confirms that strain energy relaxation is significantly different in the forward and reverse transition as suggested in Ref. [20] . In fact, if thermoelastic equilibrium was strictly satisfied, then strain energy relaxation should only occur in the forward transition due to nucleation while the reverse transition should take place by shrinkage of the martensitic variants with no additional energy loss.
A monotonous increase of the avalanche energy with the scanning rate is clearly suggested by data given in Fig. 7 in cooling and heating runs. The effect is especially remarkable in the case of cooling where the avalanche energy increases by more than 30% when the rate increases from 0.04 K/h to 0.4 K/h.
It is worth noting that the number of detected thermal avalanches is much lower than the corresponding number of AE avalanches (see Table I ). Nevertheless, avalanches detected in calorimetry have energies orders of magnitude larger than AE avalanches. This not only suggests that calorimetric avalanches should be understood as a sum of small AE avalanches that occur strongly correlated in time but also that the continuous background displayed by the thermal curves (broad heat flux bump) is, in fact, largely constituted of a superposition of uncorrelated very small avalanches. Note that the increase of the avalanche energy with the rate is consistent with this point of view as by increasing the rate, the overlap effect increases, and consequently the energy content of the thermal spikes increases too.
From Table I , it is worth noting that the number of AE avalanches is much larger in the reverse than in the forward transition. At a first glance this might seem paradoxical since the forward transition has a more prominent jerky character than the reverse transition. We suggest that this behavior is due to the existence of a very large number of tiny (but still detectable) AE avalanches during the reverse transition that remain hidden in the continuous calorimetric background. Actually, the existence of this large number of small avalanches is consistent with the lack of avalanche criticality during the reverse transition.
The distribution of thermal avalanche energies is depicted in Fig. 8 . It is worth noting that this distribution of energies is not influenced by the temperature rate. Figure 9 shows the corresponding maximum likelihood plots for cooling and heating runs. For cooling an exponent ε = 1.7 ± 0.1 is found, which is compatible with the exponent obtained from AE measurements. For heating a larger exponent of ∼2.5 is observed. This large value might be due to poor statistics for the heating runs. Nevertheless, if one assumes that data are affected by an exponential cutoff, a biparametric probability density function of the form ∝ E −ε e −λE can be used to fit the data. The fit renders an effective exponent of 1.86 in very good agreement with the effective exponent obtained with a similar biparametric fit of the AE data.
IV. SUMMARY
We have studied avalanches during the martensitic transition of a Cu-Al-Be single crystal by means of AE and calorimetric measurements. To a certain extent, this material behaves similar to other Cu-based shape memory materials. In particular, for temperature rates larger than 5 × 10 −5 K/s, the dynamics is clearly athermal and displays avalanche criticality to a very good approximation during the forward transition. However, deviations from critical behavior have been observed during the reverse transition. This asymmetry between heating and cooling is detected both in calorimetry and AE measurements. Our results are in agreement with previous data reported in Ref. [15] . The asymmetry has been explained [15] by the fact that while nucleation is required for the forward transition from the parent to martensitic phase, the reverse transition occurs by fast shrinkage of martensitic domains. This dynamic asymmetry influences the distribution of avalanches, which is critical in the forward transitions but exponentially damped in the reverse transition. Similar results have been obtained in mechanically-induced transitions [21] and in magnetic shape memory materials [20] . For this class of materials, the authors of Ref. [20] suggested that the asymmetry is associated with different mechanisms of the relaxation of elastic strain energy in the forward and reverse transitions, which might also explain the fact that the nature of the asymmetry can be different in different materials. This point of view complements the interpretation based on nucleation and in fact consistent with the different cumulated jerky energies calorimetrically measured during cooling and heating in the present work, which represents a good estimate of the dissipated energies in the corresponding forward and reverse transitions (see Fig. 7 ).
Critical behavior during the forward transition is confirmed both from AE and calorimetric measurements. This is interesting since these two experimental techniques detect avalanches at very different scales (low energies in the case of AE, and high energies in calorimetry). This result supports the idea of scale invariance. Nevertheless, the exponents obtained from both techniques are not identical as the calorimetric exponent is slightly higher than the AE exponent. This may be simply a consequence of quite poor statistics in this kind of avalanche measurements, however.
The obtained critical exponent associated with the distribution of AE energies, ε 1.6, is smaller than the expected exponent for systems undergoing a cubic to monoclinic transition. For this change of symmetry 12 energetically equivalent domains can grow at the transition in the absence of externally applied stress. For this variant multiplicity the expected critical energy exponent is ε 2 [4] . The lower value obtained here must be understood taking into account that in the studied materials the martensite phase is elastically much harder than the parent high temperature phase, which is a consequence of pinning effects arising from dislocation jamming. This is an unusual behavior that suggests that the growth of some variants may be inhibited during the transformation. Consequently this may lead to an effective reduction of variant multiplicity, which give rise to the lower critical exponent confirmed in the present work. The existence of pinning effect is also consistent with the log tails of the transformation in the low-temperature region as detected from calorimetric measurements (see Fig. 6 ).
